Provisioners capture items both for delivery and for self-feeding. In doing so, they may travel directly to and from a single location, visit several patches on each excursion from a delivery point, or alternate excursions to different destinations. Prey suitable for self-feeding versus delivery have differing attributes, which means that they are often best sought in different places. Visiting separate patches to self-feed and to load prey for delivery requires more travel time than foraging for both types of prey at a single location, but both self-feeding and loading are faster if carried out in the most suitable patches. Here, we investigate how the distribution of different types of food resources around a central delivery point affects the routine with which a provisioner visits patches to forage. Our results show that each of several basic travel routines is best in some broad region of a parameter space that considers the loading time saved in relation to the extra travel time required. This framework provides a simple explanation for the variety of routines observed in nature and can additionally account for the circumstances under which provisioners concentrate loads for delivery by internal processing, known in some seabirds.
Provisioners capture items both for delivery and for self-feeding. In doing so, they may travel directly to and from a single location, visit several patches on each excursion from a delivery point, or alternate excursions to different destinations. Prey suitable for self-feeding versus delivery have differing attributes, which means that they are often best sought in different places. Visiting separate patches to self-feed and to load prey for delivery requires more travel time than foraging for both types of prey at a single location, but both self-feeding and loading are faster if carried out in the most suitable patches. Here, we investigate how the distribution of different types of food resources around a central delivery point affects the routine with which a provisioner visits patches to forage. Our results show that each of several basic travel routines is best in some broad region of a parameter space that considers the loading time saved in relation to the extra travel time required. This framework provides a simple explanation for the variety of routines observed in nature and can additionally account for the circumstances under which provisioners concentrate loads for delivery by internal processing, known in some seabirds. Key words: central place foraging, delivery, provisioning, seabirds, self-feeding, solitary bees. [Behav Ecol 21:1170 -1178 (2010 ] P rovisioners collect prey or other resources for delivery to offspring, to mates, to a cache, or to a nest site (Ydenberg 2007) and are known to use a variety of travel routines to do so. Some seabirds, for example, make a direct trip to and from specific locations where food is collected (e.g., Weimerskirsch and Robertson 1994) , whereas others alternate short and long excursions to different destinations (Baduini and Hyrenbach 2003; Terauds and Gales 2006; Steen et al. 2007 ). The solitary mason bees Osmia lignaria studied by Williams and Tepedino (2003) traveled to widely separated patches of 2 different flower types on each excursion. Here, we investigate how the distribution of patches with different types of food resources around a central delivery point affects the routine or itinerary with which a provisioner visits patches to forage.
The diagnostic feature of provisioning is that items are collected both for delivery (these are not consumed by the provisioner) and for consumption (provisioners must also feed themselves). The process of searching for and consuming items is called ''self-feeding,'' whereas the process of finding and capturing items for delivery is called ''loading.'' Delivered food resources may differ from those that are consumed (e.g., Tierney et al. 2008) . For example, parents may deliver smaller or more manageable prey than they themselves ingest (e.g., Elgar and Jebb 1999) because some items are too large or tough for offspring to consume. Furthermore, because provisioning often involves strenuous exercise, foods high in carbohydrates are valuable for self-feeding. Those being provisioned are often growing (offspring) or forming clutches of eggs (mates), making food high in protein valuable for delivery. Solitary bees and wasps (Ydenberg and SchmidHempel 1994) and Palestine sunbirds (Nectarinia osea; Markman et al. 2004 ) thus feed themselves on nectar but deliver pollen or insects to offspring.
Even in the absence of these considerations, however, foraging theory shows that the prey items best for delivery and those best for self-feeding will often differ. The basic diet model of foraging theory (Stephens and Krebs 1986) shows that the rate of (self-)feeding is maximized by selecting prey items with sufficiently high profitability (energy per unit handling time). But when items must be transported for delivery, this prey choice criterion is altered-this is the key result of the seminal central place foraging paper by Orians and Pearson (1979) . Handling time is unimportant when prey items are transported to a central place, either because it is short relative to travel time or because the provisioner does little of the handling required or both. When a single prey item is loaded for delivery, the selection criterion becomes sufficiently large size rather than profitability. When multiple items are loaded for delivery, energy density and ''packing'' considerations become important. These differing criteria mean that different kinds or sizes of prey are often best for self-feeding and loading, even if the nutritional requirements and the ability of provisioners and those provisioned to handle prey are identical.
A provisioner could presumably forage in a single patch, selffeeding on and delivering the same prey type. But if different patches have different prey types, an alternative is to visit 2 or more patches to take advantage of the superior characteristics of different prey types for loading and self-feeding. ''Multipatch provisioning'' has the advantage that the rates of loading and/or self-feeding are higher than they would be using less-suitable prey, but it requires extra travel time. Here, we present a simple model that asks how much extra travel a provisioner should be willing to undertake in order to exploit different patches good for self-feeding and delivery, as opposed to using a single patch for both.
THE MODEL
Around any central place lies an array of patches containing different types and densities of prey. The patches lie at different distances from the central place and thus require different amounts of travel time. One of the patches in this array has the property that it offers a particular forager the highest selffeeding rate. There will be another patch, likely in a different location, in which can be found the prey most suitable for delivery. Yet other patches are located closer to the delivery point than either of these patches, but the prey there are scarcer and/or less suitable. The essential feature is that the self-feeding and delivery opportunities and travel costs vary between patches so that no single patch is best in every regard. We refer to this as the ''resource geometry.'' The simplest and most general situations are diagrammed in Figure 1 .
How should a provisioner exploit the resource geometry? It could in principle self-feed or capture resources for delivery (or both) in any patch, but it might be advantageous to selffeed in the patch best for this and then to travel the patch with the most suitable prey for delivery to capture the delivered resource. We analyze this problem, assuming that the internal mechanisms that control this decision evolved under natural selection for maximization of the rate of delivery of the resource to the central place. A further assumption is that the provisioner must balance its own energy budget by spending enough self-feeding time to capture and consume the prey necessary to provide the metabolic energy necessary to power its activities. This approach was first applied by Norberg (1981) and further developed by Houston (1987; see also Ydenberg 2007) .
Initially, we require that the provisioner spend some time on each trip to capture and ingest enough prey to power the entire trip. We later relax this requirement. Generally, forgers selffeed prior to loading for delivery, because prey held for delivery interfere with self-feeding, and increase the energetic costs of transport (Brooke 1981; Kacelnik 1984; Krebs and Avery 1985) , but this assumption is not essential to the model developed here.
A few remarks on terminology will be helpful at this stage. Baduini and Hyrenbach (2003) review the literature on the provisioning routines of seabirds and give names to the main routines described. These names are based on the duration of provisioning excursions, as measured at breeding colonies. In ''unimodal'' foraging, the duration of provisioning excursions shows a distribution with a single mode. In ''bimodal'' or ''dual'' foraging, the length of provisioning excursions shows a distribution with 2 distinct modes. The terminology we develop below is based on the locations visited during a provisioning excursion. The correspondence between these names is discussed further below.
In our schematized resource geometry, we denote the patch best for self-feeding as patch 1 (see Figure 1) . One-way travel to this patch requires time t 1 (round trip travel requires 2t 1 ). The patch best for delivery is denoted as patch 2. One-way travel to this patch requires time t 2 (round trip travel requires 2t 2 ). The travel time between patch 1 and patch 2 is Dt. The loading rate of prey for delivery in patch 1 is r 1 , the loading rate of prey for delivery in patch 2 is r 2 (by definition r 2 . r 1 ). All delivered loads are of size L, so loading in patch 1 requires time L/r 1 or time L/r 2 in patch 2. The resultant delivery rate is measured in energy per time unit. The energy expenditure rate while foraging and while traveling is c. The energetic expenditure of travel to patch 1 is 2t 1 c, and the energetic cost of loading there is cL/r 1 . The net self-feeding rate in patch 1 is s.
Single-and multipatch provisioning
The simplest provisioning routine is ''single-patch provisioning,'' in which the forager visits a single patch for both selffeeding and for delivery. The forager travels to patch 1, self-feeds, collects a load of size L and then returns to the central place to deliver it. (We treat the question of whether the forager could better self-feed and provision from patch 2 below under ''Modified Provisioning.'') The rate of delivery is found by dividing the size of the delivery by the total time required, including round-trip travel time, loading time, and self-feeding time. Self-feeding requires time 2t 1 c/s to recover the costs of travel and time cL/sr 1 to recover the loading cost. The rate of delivery D S is
which is conveniently written as
The factor c/s is the self-feeding time required per unit energy expenditure while loading and traveling. The term (1 1 c/s) increases the time required for the travel and loading portions of the trip by that required for self-feeding. We use the general form of (1) in the equations derived below.
When multipatch provisioning, the forager travels first to patch 1 (travel time t 1 ), where it self-feeds to finance the energetic expense of the entire trip, then travels to patch 2 (travel time Dt) to collect a load of size L (time L/r 2 ) before returning to the delivery point (travel time t 2 ). The self-feeding time recovers the energetic costs of each of these components of the round trip. The rate of delivery is
Single-patch and multipatch provisioning have different characteristics. By assumption, prey for delivery can be loaded more quickly in patch 2 than in patch 1. The extra time that loading in patch 1 requires compared with patch 2 (L/r 1 2 L/ r 2 ) is called the ''loading penalty'' and plays a central role in our analysis. Multipatch provisioning avoids the loading penalty, but the round-trip travel time is greater, and the self-feeding time required to power the trip also differs. For single-patch provisioning, the required self-feeding time Categorization of basic provisioning routines on a generalized resource geometry. Patch 1 is best for self-feeding, whereas patch 2 is best for capturing prey for delivery. Patch 3 is a self-feeding patch located closer to the central place than patch 1 but is not as rich. The provisioner may exploit the patches using any of the provisioning routines shown. In single-patch provisioning, both self-feeding and delivery prey are collected in patch 1. In multi-patch provisioning, self-feeding is conducted in patch 1, and delivery prey are loaded in patch 2. When ''alternating'' the provisioner self-feeds and loads in patch 1 and then delivers the load before making a trip to patch 2 where prey are loaded for delivery, and no self-feeding takes place. In modified routines, the provisioner replaces use of patch 1 with patch 3. Patch 3 is inferior to patch 1 but is located closer to the delivery point. is (c/s) (L/r 1 1 2t 1 ); for multipatch foraging, the required self-feeding time is (c/s) (L/r 2 1 t 1 1 Dt 1 t 2 ). To find the conditions under which multipatch foraging yields a higher delivery rate than single-patch foraging, we
The left-hand side (LHS) of (3) is the loading penalty, whereas the right-hand side (RHS) represents the extra travel time required for multipatch provisioning. The inequality confirms that multipatch provisioning performs better (i.e., yields higher delivery rate) when the time saved by loading prey in patch 2 rather than in patch 1 outweighs the extra travel time required.
Alternation
We now relax the assumption that the provisioner must balance its energy budget on every trip. It may self-feed only on every other trip, or even less frequently, by traveling to the self-feeding patch only on every nth excursion from the central place. There it both self-feeds and collects a load of size L for delivery. On the next n-1 trips, it travels to the delivery patch where a load is collected and delivered without any self-feeding. We call this ''n-alternation,'' where n is the number of trips in a complete cycle (i.e., 2-alternation means every other trip is made to the self-feeding patch, 3-alternation means every third trip, and so on).
When alternating, the provisioner does enough self-feeding on the visit to patch 1 to finance all the trips in a cycle, which in the case of 2-alternation requires time 2t 1 c/s 1 2t 2 c/s to recover the costs of travel and time cL/sr 1 1 cL/sr 2 to recover the loading costs. The consequent rate of delivery is
To delineate conditions under which 2-alternation performs best, we compare it with single-patch provisioning and with multipatch provisioning. To find conditions under which 2-alternation yields higher delivery rate than single-patch provisioning, we set
meaning that 2-alternation is favored over single-patch provisioning when the loading penalty is greater than 2(t 2 2 t 1 ), which is the difference in total travel time between 2-alternation and 2 successive single-patch trips. Note that alternation always attains higher delivery rate than single-patch provisioning if patch 1 (the self-feeding patch) is more distant (because then RHS ,0, whereas LHS is by definition .0). To find when 2-alternation yields higher delivery rate than multipatch provisioning, we solve D A2 . D M , which gives the condition
meaning that 2-alternation is favored when the loading penalty is less than 2Dt, which is the difference in total travel time between 2-alternation and 2 successive multipatch trips. Figure 2 gives a graphical representation, showing regions of the parameter space in which single-patch provisioning, multipatch provisioning, and 2-alternation maximize the delivery rate.
The lower boundary of the 2-alternation space is defined by inequality (5), formed by a horizontal line with height 2(t 2 2 t 1 ); whereas the upper boundary of the 2-alternation region is defined by inequality (6), formed by a line from the origin with slope 2. A provisioner may travel to the self-feeding patch less frequently than on alternate trips. For example, in 3-alternation (i.e., a self-feeding excursion is made only on every third trip), the rate of delivery is
In general, the rate of delivery attained by n-alternation is
The boundary separating the n-alternation and single-patch provisioning regions is found by setting
The position of this boundary is therefore independent of the value of n. The position of the boundary between the alternation and multipatch regions is found by setting
Both the slope (equal to n) and intercept (given by [n-2][t 1 -t 2 ]) of the boundary are affected by the value of n. For example, the upper boundary for 3-alternation is 3Dt 1 (t 1 -t 2 ), whereas the boundary between 4-alternation and multipatch foraging is 4Dt 1 2(t 1 -t 2 ). The basic effect is When provisioners should use single-patch provisioning, multipatch provisioning, or 2-alternation. Single-patch provisioning is used when the loading penalty is small relative to the extra travel involved. Multipatch provisioning is favored when the loading penalty is large relative to the extra travel involved. Two-alternation is favored in between the 2 in a region that expands with Dt. In the case pictured here t 2 2 t 1 . 0 (i.e., the self-feeding patch is less distant than the delivery patch).
1172
Behavioral Ecology at Simon Fraser University on November 15, 2010 beheco.oxfordjournals.org that as n increases the size of the region in which alternation is preferred over multipatch provisioning enlarges. The reason is that less-frequent trips to the self-feeding patch make a larger loading penalty acceptable. Note also that the effect of n on the alternation region differs somewhat when patch 1 is less distant than patch 2 (i.e., t 1 -t 2 is negative) than when patch 1 is more distant (i.e., t 1 -t 2 positive; see Figure 3 ). Two conditions combine to create the circumstances under which alternation performs best as a provisioning strategy. First, the loading penalty must be of moderate magnitude. If it is small single-patch provisioning is favored, and if it is large multipatch provisioning is favored. Secondly, the selffeeding and delivery patches must be widely separated; if they are close together, multi-patch provisioning is favored because it avoids the loading penalty.
The value of n that maximizes the rate of delivery can be investigated by finding the circumstances under which D An 1 1 . D An . We solve this first of all for n ¼ 2 and find
The solution is identical for n ¼ 2, 3, 4 . . . meaning that if 2-alternation performs better than single-patch foraging then n 1 1-alternation performs better than n-alternation. Thus, when alternating, provisioners should make as many successive visits to the delivery patch as possible. Considerations not included in the model, likely the extra energetic cost of transporting the fuel for several excursions, may restrict the number of delivery patch visits that can be made between visits to the self-feeding patch. The energetic cost of carrying the fuel as well as of the load to be delivered point are likely important factors for any provisioner (see Houston 1993; Rands et al. 2000) .
Processing prey for delivery
Some provisioners prepare or process prey before delivery by removing nonessential or less valuable portions of prey items (Kaspari 1991; Rands et al. 2000) . The effect is to concentrate the energy and nutrients of the delivered load. The type of processing modeled by Kaspari (1991) and Rands et al. (2000) requires extra handling time. Here, we consider the case in which processing proceeds internally while foraging, by biochemical alteration of ingested prey to concentrate energy, as in some seabirds (Roby et al. 1997) . This process concentrates the energy and nutrients of the delivered load, and we assume that there are no extra time costs. Processing concentrates the load for delivery by a factor f, resulting in eventual delivery of a load with energy fL (see Ydenberg 1994) .
Internal processing of prey for delivery requires ingestion and is therefore best fulfilled by profitable (self-feeding) prey. This means that prey for processing are best captured on trips to patch 1 rather than on trips to patch 2 as the self-feeding rate is by definition highest in patch 1. When processing, a single-patch provisioner travels to patch 1, where it both self-feeds and loads prey for delivery, concentrating the latter by a factor f. The load requires time fL/s to collect and time 2t 1 for round trip travel to the patch. Self-feeding to finance the trip requires time 2t 1 c/s to recover the costs of travel and time cfL/s 2 to recover the loading costs. The rate of delivery is
By comparing Equation 12 with Equation 1, we find that (when single-patch provisioning) processing prey yields higher delivery rate than the delivery of unprocessed prey when
In this case, the loading penalty (LHS of 12) is the extra time required to collect a load of size L in patch 1 by ingesting rather than loading prey. The RHS of Equation 12 is the (per excursion) travel time saving over that required to collect f loads without processing. This inequality suggests that distant self-feeding patches (i.e., long travel time to patch 1) favor the delivery of processed prey, as do large concentration factors (i.e., high f ). This result is basically identical to that reached previously by Ydenberg (1994;  though notation differs somewhat).
This analysis considers processing in the context of singlepatch provisioning. What about other routines? Single-patch Figure 3 The effect of n on the n-alternation region, for cases when t 2 . t 1 (i.e., the self-feeding patch is less distant than the delivery patch; Panel A) and t 1 . t 2 (i.e., the self-feeding patch more distant; Panel B). Note that single-patch provisioning does not occur in the latter case (see inequalities 5 and 9). In both cases, n increases the size of the region and the region expands with Dt. Note that when f ¼ 1 (i.e., no processing), inequality (14) is identical to inequality (3). As f increases in value, the intercept of the boundary separating the single-patch and multipatch regions rises from (t 2 2 t 1 ) when f ¼ 1, to t 2 (when f ¼ 2), to (t 2 1 t 1 /3) (when f ¼ 3), to (t 2 1 t 1 /2) (when f ¼ 4) and so on, converging on (t 2 1 t 1 ).
We next consider processing in association with 2-alternation, as recorded in some seabirds (Baduini and Hyrenbach 2003; Terauds and Gales 2006) . The provisioner travels to patch 1, where it self-feeds and collects prey for delivery, processing them as before. The load in patch 1 requires time fL/s to collect, and time 2t 1 for round trip travel to the patch. The provisioner does enough self-feeding to finance the trip, as well as the subsequent excursion to patch 2, which requires time 2t 1 c/s 1 2t 2 c/s to recover the costs of travel, and time cfL/s 2 1 cL/sr 2 to recover the loading costs. The provisioner then makes a round trip to patch 2 where a load is collected without any self-feeding or processing. The consequent rate of delivery rate of alternation with processing is
To discover when processing is advantageous, we compare this to the delivery rate of alternation without processing
Note that there is no dependence on f. We also compare 2-alternation with processing to multipatch foraging by setting
Results are shown in Figure 4 . Inequality (16) reveals that processing should occur in combination with 2-alternation when the loading penalty exceeds the sum of the roundtrip travel times. Inequality (17) defines the boundary with the multipatch provisioning region, which changes with the concentration factor f. To understand its influence, we note first of all that when f ¼ 1 (i.e., no processing of prey), inequality (17) is identical to inequality (6). As f increases in value (i.e., prey are increasingly concentrated for delivery), the slope of the boundary falls from 2 and approaches 1; the intercept rises from 0 when f ¼ 1, to (t 1 1 t 2 )/2 when f ¼ 2, to (2/3)(t 1 1 t 2 ) when f ¼ 3, to (3/4) (t 1 1 t 2 ) when f ¼ 4, and so on, converging on (t 1 1 t 2 ). Inequalities (16) and (17) are easily generalized to the case of n-alternation.
The value of f that maximizes the rate of delivery is found by comparing 2-alternation with f 1 1 processing (i.e., concentrating the load delivered from patch 1 by a factor of f 1 1) and 2-alternation with f processing. The solution to this inequality is identical to (13), meaning that if processing is favored at all then greater concentration of prey is favored.
''Modified'' provisioning routines
The analysis so far requires the provisioner to self-feed at patch 1 and asks when it should add extra travel to capture prey for delivery at patch 2. We can also ask if there are circumstances under which the provisioner should forego self-feeding at patch 1 if the total travel time could be reduced by selffeeding at a less suitable but closer patch elsewhere. In the generalized resource geometry shown in Figure 1 this option is created by the existence of patch 3. Patch 3 lies closer to the delivery point than patch 1 but is of poorer quality. The use of patch 3 for self-feeding in place of patch 1 reduces the total travel time, but as patch 3 is of poorer quality the self-feeding rate is lower and hence more self-feeding time is necessary. We term routines that incorporate patch 3 in place of patch 1 modified provisioning.
We develop only the basic equation here, asking whether a provisioner should single-patch provision from a near or distant patch (cf. Figure 1a,d) . Call the one-way travel time to patch 3 t 3 (t 3 , t 1 ), the loading rate attainable there r 3 (r 3 , r 2 ) and the self-feeding rate s 3 . By definition, s 3 , s, the self-feeding rate in patch 1. The delivery rate attainable by single-patch provisioning in patch 1 (D S ) is given by Equation 1 and that attainable by modified single-patch provisioning is
Modified single-patch provisioning performs better when D Sm . D S , the routines compared in Figure 1a ,d. This comparison yields ð1 1 c=s 3 2 c=sÞ ,
Note that (1 1 c/s 3 2 c/s) ¼ (1 1 c/s 3 )/(1 1 c/s). Inequality (19) says that modified single-patch provisioning is preferred when the relative increase in self-feeding time is less than the relative decrease in the travel plus loading time of the 2 routines being compared.
The same logic can be applied to find when multi-patch provisioning should be modified (cf. Figure 1b,e) and when 2-alternation should be modified (cf. Figure 1c,f) . By substituting s 2 (self-feeding rate in patch 2; by definition s 2 , s) for s 3 and t 2 for t 3 in inequality (19), this logic also Figure 4 When a provisioning seabird should process loads for delivery. Processing with 2-alternation occurs in a region with the lower boundary given by inequality (13) and the upper boundary by inequality (14). The effect of the concentration factor f on the position of the upper boundary is indicated.
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applies to the question of whether the forager could better self-feed and provision from patch 2 than from patch 1. In all cases, the result is analogous to inequality (19): the modified routine is preferred when the relative increase in self-feeding time is less than the relative decrease in the travel plus loading time of the routines being compared.
DISCUSSION
The differing attributes of prey suitable for self-feeding and delivery mean that they often are best sought in different places. Doing so requires more travel time of a provisioner than foraging for both types of prey at a single location, but the necessary loading time is shorter. It is worth visiting separate patches for loading and self-feeding when the loading penalty (the extra time required to load prey in the self-feeding patch compared with that required in the patch best for loading) is greater than the extra travel time. Our results show that each of several basic provisioning routines (single, multi, alternation, with variations introduced by processing and by modification) is best in some broad region of a parameter space that considers the loading penalty in relation to the extra travel time contingent on the resource geometry. The conditions defining these regions are summarized in Table 1 . Properties of the routines are listed in Table 2 . A numerical example is shown in Figure 5 . In general, single-patch provisioning is preferred when the loading penalty is small and multipatch provisioning when the loading penalty is sufficiently large. Alternation is preferred when the loading penalty is intermediate, and the travel time between the patches is sufficiently large. A larger loading penalty and longer travel time between the patches creates the conditions under which alternation with processing is preferred. Our model was motivated by data on 5 seabird species on Triangle Island, British Columbia (Davies et al. 2009) showing that in some species, the diets of adults and nestlings are similar and caught at the same location but sharply different and caught at different locations in others (see also Tierney et al. 2008 , and references therein). We hypothesize that this arises because the species face differing resource geometries that favor either single-patch or multipatch provisioning. We further anticipate that many provisioning species are able to assess the resource geometry and to shift facultatively between the basic routines. For example, Cory's shearwater Calonectris diomedea on one breeding colony did not alternate, whereas those on another alternated in 1 of 2 years (Granadeiro et al. 1998) . Tufted puffins (Fratercula cirrhata) on Triangle Island, British Columbia fed themselves and nestlings on the same diet (Davies et al. 2009 ), which suggests single-patch provisioning, whereas parents and nestlings on an Alaskan colony had different diets (Baird 1991) , suggesting multipatch foraging.
No studies of seabirds published to date, including those of the previous paragraph, have enough information on the resource geometry to be able to test whether the observed provisioning routines match those predicted by the model developed here. All the basic routines considered here have been described, and the detailed descriptions of provisioning trips by seabirds (e.g., see Figure 6 .3 in Williams 1995) that have now been published are suggestive. Alternation has been especially well documented (see Baduini and Hyrenbach 2003; Terauds and Gales 2006) . For example, dovekies (Alle alle) breeding at Bjørndalen on Spitsbergen make on average 5 successive short (on average 89 min) provisioning trips within the fjord on which the colony is located before making a single long (average 11.5 h) trip out of the fjord to the edge of the continental shelf, 150 km distant (Steen et al. 2007 ; this would be termed ''6-alternation'' in the nomenclature developed here). A large energy-rich copepod species (Calanus hyperboreus) dominates delivered loads after long trips, whereas a smaller species (C. glacialis) dominates after short trips. Blue petrels (Halobaena caerulea) in the Southern Ocean alternate long and short trips, with self-feeding taking Figure 5 A numerical example, with t 1 ¼ 25 and t 2 ¼ 50. Two-alternation only considered. Boundaries between regions calculated from the logical relations in Table 1 . The names of the routines are those used here. The column ''Duration'' describes the shape of the distribution of trip durations and corresponds to the terminology of Baduini and Hyrenbach (2003) . The column ''Diets'' identifies whether the prey delivered (e.g., fed to offspring) are the same as those self-fed on (e.g., eaten by parents). The column ''Deliveries'' identifies how many kinds of deliveries are made.
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at Simon Fraser University on November 15, 2010 beheco.oxfordjournals.org place solely on long trips (Weimerskirch et al. 2003) . The type of prey delivered differs between short and long trips (Chaurand and Weimerskirch 1994) , and the pattern is similar in other seabird species (see Cherel et al. 2005) . Processed prey is associated with the long trips in all cases in which it has been recorded. All of these observations are consistent with the model developed here. The literature on seabirds has generally interpreted alternation as a manifestation of the conflict parents face between feeding offspring and feeding themselves (Baduini and Hyrenbach 2003) , with short trips used to boost delivery to needy offspring, at the expense of parental condition, which is recovered on long trips. The model developed here does not incorporate the concept of parent-offspring conflict: Alternation is favored on particular resource geometries because it achieves the highest delivery rate while allowing the parent to balance its energy budget. However, this does not mean that the approach here negates parent-offspring conflict. Conflict could be easily incorporated in a model structure that gives parents the option of deferring a self-feeding trip in order to make extra delivery excursions when offspring are hungry or in poor condition, so boosting delivery but at the expense of further lowering their body reserves. Beauchamp et al. (1991) model a closely related decision using a dynamic state variable model.
Our model also considers the circumstances under which the delivery of processed and concentrated prey is worthwhile, such as the stomach oil of species in the Procellariiformes (Roby et al. 1997 ). Figure 5 shows that the conditions favoring this tactic occur when long travel distances are involved, and the loading penalty is great. These conditions seem, qualitatively at least, to fit the ecology of some highly pelagic species adapted to foraging on the open ocean, such as albatrosses.
The model might be tested quantitatively by predicting attributes of prey and foraging behavior in natural situations. For example, the dovekies studied by Steen et al. (2007) on Spitsbergen were found to alternate successive short provisioning trips with a single long trip. As predicted by the model developed here, different types of prey are captured on these trips, but our model also makes more detailed predictions about the prey. In particular, it predicts that the prey collected on long trips (the energy-rich copepod C. hyperboreus) are better prey for self-feeding (i.e., more profitable) than the prey collected on short trips (the smaller copepod C. glacialis), while the latter can be loaded more rapidly. Based on information in Steen et al. (2007) , we estimated broad ranges to encompass the possible loading penalty (16-216 min), round trip travel time to patch 1(300-450 min), round trip travel time to patch 2 (20-80 min), and Dt (220-420 min), and used inequalities (3), (5), and (6) to determine that alternation indeed yields the highest delivery rate under almost all the geometries possible with these values. Better knowledge of flight speeds, foraging distances, trip times, prey size, and load size would enable a more exacting test.
Experimental approaches are also possible (though seabirds are unlikely candidates). Williams and Tepedino (2003) placed nest-boxes for solitary mason bees O. lignaria in the field, locating them between widely separated patches of 2 species of flowers. Mother bees provision pollen and nectar to the nest, building a ''loaf'' on which an egg is laid. The loaf is consumed by the developing larva. By examining the pollen loads delivered, Williams and Tepedino concluded that bees must have visited patches of both types on most provisioning trips (i.e., multipatch provisioning). The hypothesis that pollen loads were mixed to provide a balanced diet was not supported as experiments showed that larva grew as well on either species of pollen as on a mixture, and Williams and Tepedino (2003) proposed an explanation resembling that developed here. They found that flowers of one of the species (Hydrophyllum capitatum) had high nectar but little pollen (i.e., better for self-feeding), whereas the other (Salix spp.) was pollen rich but nectar poor (i.e., better for loading). We can apply inequality (3) to test the prediction of our model that the delivery rate of mason bees in this situation is enhanced by visiting both types of flower on every trip. In the most extreme situation created by Williams and Tepedino (2003;  ). Williams and Tepedino (2003; see their Table 3 ) report that the pollen handling time per flower in Salix (5.52 s) was half that in Hydrophyllum (12.00 s). Assuming that 25 flowers were visited to collect a load (Williams and Tepedino report 25 inflorescences, so 25 flowers is a minimum), the loading penalty is 162 s (¼25 3 (12.00 -5.52)). Thus, in the most conservative comparison possible, the minimum loading penalty (i.e., LHS of inequality 3-162 s) exceeds the maximum extra travel time (RHS of inequality 3-110 s), which suggests that multipatch provisioning is strongly favored over single-patch provisioning in this situation. Markman et al. (2004) studied Palestine sunbirds, which self-feed on floral nectar and arthropods but deliver only arthropods to nestlings. (Therefore nectar is used for selffeeding only.) Markman et al. placed artificial feeding patches on opposite sides of the nest. One patch offered a low concentration sucrose solution (0.25 mol kg 21 H 2 O), as well as flightless flies that were delivered to offspring. The feeder on the other side offered a sucrose solution that was varied between 0.25 and 0.75 mol kg 21 H 2 O (i.e., self-feeding conditions there were usually better), but there were no flies for delivery.
The possible routines on this experimental resource geometry are to visit only the low concentration feeder to both self-feed and load flies for delivery; or to visit the higher concentration sucrose feeder for self-feeding and to collect flies at the low concentration feeder (Box 8.2 in Ydenberg 2007 considers this provisioning routine variant). Markman et al. (2004) did not directly measure provisioning routines, but they did find that as the sucrose concentration in the variable patch was experimentally increased, parent sunbirds 1) consumed more sucrose solution and spent more time feeding in this patch; 2) collected and delivered more flies from this patch; but 3) did not increase time or consumption at the low-quality sucrose solution. These findings show that they were sensitive to the relative qualities of the self-feeding and delivery patches and suggest that they adjusted their provisioning behavior accordingly.
Our model does not consider the many possibilities that might arise if load sizes could vary, if the rate of work could be adjusted, if the energetic costs of search and travel were different, if the provisioner did not have perfect knowledge of the environment, if it could respond to hunger of the offspring, or any of the many other tactical considerations. Some of these are considered by Ydenberg (2007) , and all of these questions have been treated in other foraging contexts. Of these, uncertainty about the location or contents of patches is perhaps the most likely to be important, especially in some environments (e.g., seabirds in dynamic marine settings). In the cases of multipatch provisioning and alternation, the uncertainty about both types of patch has to be considered. Nevertheless, our results have a number of implications as well as possible applications. For example, many studies have relied on prey observed at delivery points (where they can be observed) to make inferences about their abundance in the environment or about environmental conditions. Seabird biologists, for example, have often suggested that the prey delivered to nestlings on seabird colonies may be used to monitor marine conditions (see Davoren and Montevecchi 2005 for a recent example and discussion). Our model (see also Houston 2000) shows that the relation between the prey delivered and the availability of those prey in the environment is not straightforward. The reason is that the choice by provisioners of the patch for delivery depends on the loading penalty, which is not easily measurable. A change in the type or availability of delivery prey in patch 1 that increases r 1 and reduces the loading penalty could induce provisioners to adopt single-patch foraging and change completely the type of prey delivered, even if the abundance or distribution of the prey in patch 2 were unchanged.
A second implication concerns inferences that may be made about self-feeding conditions. The model developed here assumes that provisioners balance their energy budgets on every (or every n) excursions, spending enough time selffeeding to pay the costs of the excursion(s). Thus, the rate of work a provisioner is able to sustain depends on the rate of self-feeding: better self-feeding opportunities enable harder work. With enough information, an investigator should be able to infer from the rate of work just what the self-feeding rate is. For example, Moore (2002; in Ydenberg 2007) showed that the flight speed of provisioning common terns (Sterna hirundo) was that at which the extra self-feeding time needed to fuel faster flight would have required the same amount of time as the increase in flight speed would have saved (as in Norberg's (1981) model). On this theory, behavioral attributes of provisioners such as their flight speed can inform us of the self-feeding rate available. An investigation of this idea would be very valuable.
Finally, provisioning also occurs in nonbiological situations. For example, robots are increasingly used to carry out tasks of all sorts, including the delivery of material to or from a depot. Such robots must be independent of power sources and hence must regularly travel somewhere to charge themselves (i.e., self-feed; Wawerla and Vaughan 2007) . This may be viewed as a provisioning routine in the sense that ''self-feeding'' must be considered in order to be able to maximize the delivery rate. R.C.Y. thanks The Pacific Seabird Group for the opportunity to present some of these ideas at their 2007 meeting in Taiwan. David Stephens commented on the manuscript. Shai Markman also gave feedback on the manuscript and with his family hosted a most enjoyable visit to Sde Boqer to observe Palestine sunbirds firsthand. Richard Vaughan pointed out the possible application of these ideas to robots.
